. Inactivation of recombination suppresses the synthetic lethality of mus81 sgs1 and mms4 sgs1 mutants. Tetrads from diploids heterozygous for the three mutations are indicated underneath the figures. The single ''rad'' segregant clones are indicated by squares, the sgs1 mus81 and sgs1 mms4 double-mutant clones by circles, and the triple mutants by diamonds.
www.pnas.org͞cgi͞doi͞10.1073͞pnas.0337666100 T he publication of the human genome sequence has provided a new era for cancer research (1) . With the help of bioinformatics and the EST and human genome sequence databases one can identify new genes that can be used as targets for cancer therapy or could be involved in essential biological pathways, which control growth, differentiation, or transformation of normal cells into cancer. Other experimental methods can be used to identify these genes, which include differential display (2) , subtractive hybridization (3), serial analysis of gene expression (4) , and microarray analysis (5) . Our laboratory is interested in discovering genes that may be used for the therapy or diagnosis of prostate cancer. Although prostate cancer is one of the leading causes of death for men in the United States, little is known about the mechanisms and the genes involved. Moreover, identifying prostate-specific genes could aid in the early detection of prostate cancer. Over the past several years, we have developed a computer-based screening strategy to generate clusters of ESTs that are expressed in prostate cancer and͞or in normal prostate but not in essential normal tissues (6) . Using this approach we have identified several genes that are expressed in prostate cancer and in normal prostate but not in essential normal tissues (7) (8) (9) (10) (11) . In this report, we describe the identification of a gene family POTE, which is selectively expressed in prostate, testis, ovary, and placenta, as well as in prostate cancer. The POTE family consists of at least 10 highly homologous genes located on chromosomes 2, 8, 13, 14, 15, 18, 21 , and 22.
Materials and Methods
Primers. Primers used in this study are as follows: T444, CAA TGC CAG GAA GAT GAA TGT GCG; T445, TCT CTG GCC GTC TGT CCA GAT AGAT; T455, GGT AGA CGC GAT CTG TTC GCT ACT; and T456, CCT AAG CTG TCC ACT GTA CTT AAA. Dot Blot and Northern Blot Analysis. Hybridizations on a human multiple tissue mRNA dot blot (RNA master blot, CLON-TECH). The probe used is a PCR fragment generated by using primers T444 and T445 ( Fig. 1 ) labeled with 32 P by random primer extension (Lofstrand Laboratories, Gaithersburg, MD). POTE mRNA expression and transcript size were also examined on commercial multitissue Northern blot (MTN, CLONTECH). mRNA (2 g per lane) was electrophoresed under denaturing conditions and subsequently transferred to a nylon membrane according to established procedures. Hybridizations were performed as described (11) by using the same probe used for the dot blot.
Expression of POTE by PCR Analysis. PCR was performed on cDNA from 16 different human tissues (Multiple Tissue cDNA panel from CLONTECH) following the manufacturer's instructions. The PCR conditions used are as follows: initial denaturation at 94°C for 35 sec, 30 cycles of denaturation at 94°C for 1 min, annealing at 65°C for 1 min, and elongation at 72°C for 2 min. The PCR primers used were T444 and T445 that should give a 400-bp fragment.
Cloning of the Full-Length cDNA. Rapid amplification of cDNA ends (RACE) was performed on Marathon Ready prostate and testis cDNA (CLONTECH). Gene-specific primers T444 and T445 were used for the 3Ј-and 5Ј-RACE, respectively. Several individual clones from the RACE product were isolated and sequenced to establish the correct POTE sequence. Finally the full-length POTE was amplified from prostate cDNA by PCR by using primer pair T455 and T456. The PCR product was gel purified and cloned into the pCR2.1 TOPO vector (Invitrogen). The clones were identified by restriction digestion and sequenced by using Perkin-Elmer's rhodamine terminator sequencing kit (Perkin-Elmer).
In Vitro Transcription-Coupled Translation. The in vitro translation of the POTE cDNA was examined in an in vitro transcriptioncoupled translation system (TNT, rabbit reticulocyte lysate system, Promega). 35 S-Met (Amersham Pharmacia) was incorporated in the reaction for visualization of translated products. The reaction mixture was analyzed under reducing conditions on a polyacrylamide gel (4-20% Tris͞Glycine, Bio-Rad) together with a prestained protein molecular weight marker (Bio-Rad). The gel was dried and subjected to autoradiography.
In Situ Hybridization. Pretreatment of the tissue sections for in situ hybridization was performed as described (12) . Biotinylated probes were prepared by using 1-kb 5Ј-end of POTE and U6 (250 bp) cDNA cloned in pBluescript II (ϩ) plasmid. Biotinylated pBluescript II (ϩ) with CD22 insert was used as a negative control. Probe labeling, hybridization, and washing conditions were similar to those described (11) . Microscopic evaluation (bright-field) was performed by using a Nikon Eclipse 800 microscope.
Fluorescent In Situ Hybridization (FISH).
A bacterial artificial chromosome clone (RP11-279C9) containing POTE gene was purchased from Research Genetics (Huntsville, AL) and the DNA was prepared by Lofstrand Laboratories. The probe was labeled with biotin or digoxigenin (Random primed DNA labeling kit, Roche) and used for FISH of human metaphase chromosomes derived from methotrexate-synchronized normal peripheral lymphocytes. The posthybridization washing was carried under standard conditions. Digital-image acquisition, processing, and analysis as well as the procedure for direct visualization of fluorescent signals to banded chromosomes were done as described (13) . Metaphases with specific hybridization signals were recorded, and slides were rehybridized for spectral karyotyping analysis (14) to unequivocally establish the identity of labeled chromosomes. The POTE signals were localized on look-up table (LUT)-inverted and contrast-enhanced digital images of 4Ј,6-diamidino-2-phenylindole-counterstained G-like banded chromosomes (13) with Ϸ400 bands resolution ideogram (ISHN1985).
Results
Computer Analysis and the Identification of a New Prostate-Specific EST Cluster, C34AG. To identify prostate-specific genes by EST database mining, we have developed a computer-based screening strategy that has enabled us to identify a number of genes that are specifically expressed in normal prostate and prostate cancer (6) . One such cluster, C34AG, consists of two ESTs (BF675049 and BF6987); both are from a prostate cDNA library ( Fig. 1 ).
Expression Analysis of C34AG Cluster in Prostate and Other Normal
Tissues. To investigate the expression of the C34AG cluster in different normal tissues, we performed a multitissue dot blot analysis by using a 32 P-labeled PCR-generated DNA fragment as a probe. As shown in Fig. 2A , among the 76 different samples of normal and fetal tissue examined, C34AG is detected strongly in prostate (E8) and testis (F8) and weakly in placenta (B8) and in one leukemia cell line K-562 (C10). The expression of the C34AG cluster was not detected in any of the essential organs, including brain, heart, liver, and kidney. Dot blot analysis is not a very sensitive technique and can give a negative signal for genes, which are expressed at a very low level. To validate the dot blot result, we used a sensitive RT-PCR method on a panel of cDNAs isolated from many normal tissues including brain, heart, liver, lung, pancreas, and colon by using primers T444 and T445 shown in Fig. 1 . As shown in Fig. 2B , a specific band Ϸ400 bp in size is detected in testis (lane 3), prostate (lane 7), and placenta (lane 8), and very weakly in ovary (lane 9). Because of its expression in prostate, ovary, testis, and placenta, we name this gene POTE.
Cloning of the Full-Length POTE cDNA. To determine the transcript size of POTE, we performed an analysis of a Northern blot containing mRNAs from many different tissues including prostate and testis with the same probe used for the dot blot analysis. As shown in Fig. 3 , a band of Ϸ2.0 kb in size is detected in the prostate and testis lanes. The high molecular weight bands, which are detected by the probe in both prostate and testis, are frequently found in RNA extracted from tissues and are often incompletely spliced variants of the transcript (15) . To isolate the full-length cDNA for POTE we used a 5Ј-and 3Ј-RACE PCR method and isolated a clone of 1,826 bp in size. Complete nucleotide sequence of the cDNA reveals that it has an ORF of 584 aa (Fig. 4) . The nucleotide sequence analysis of the fulllength cDNA indicates that it is a new gene. Amino acid sequence analysis of the predicted gene product by using the PFAM database (16) reveals that it has an ankyrin repeat domain (see Discussion).
POTE Paralogs in Different
Chromosomes. Sequence alignment of the POTE cDNA with the human genome sequence by using the GoldenPath genome browser shows a 99.8% match with exons at chromosome 21q11.2. The gene is comprised of 11 exons and 10 introns with consensus splice donor-acceptor sequences at each intron-exon junction. Further analysis shows that there are at least nine more significant matches of POTE sequence in the human genome (Table 1) . Four matches are in chromosome 2 (three at q22.2 and one at q14.3), two in chromosome 8 (p11.1 and q11.1), and one each in 14 (q11.2), 15 (q11.2), and 22 (q11.1). In most cases the exons and the splice sites are well conserved. When the DNA sequences are compared to that of POTE, there is a 90-98% sequence identity.
Localization of Dispersed POTE Sequences in the Human Genome by
FISH. Because the human genome sequence is still incomplete and there are some gaps in most of the chromosomes, we validated our computer analysis data experimentally by performing FISH with a biotin-labeled bacterial artificial chromosome DNA from chromosome 2 corresponding to the genomic region of the POTE. A total of eight sites of hybridization were detected by FISH on chromosomes 2, 8, 13, 14, 15, 18, 21, and 22 with a bacterial artificial chromosome probe labeled with biotin and under standard hybridization conditions. Thirty randomly selected metaphases from two FISH experiments with cells derived from different peripheral leukocytes cultures, showed a fluorescent signal on pairs of the same chromosomes. From 30 spreads with informative signal, 15 were selected and examined sequentially by spectral karyotyping, for individual chromosome identification, and by G-banding for signal localization. All metaphases had signals on chromosomes 2, 14, and 22; Ͼ70% on chromosomes 13, 15 and 21; Ͼ40% exhibited signal on chromosome 18, and Ͼ30% on chromosome 8. The signal on chromosome 8 was the weakest one. The most intense signals were observed on chromosomes 2, 14, and 22, weaker and smaller on chromosomes 13, 15, 18, and 21, whereas chromosome 8 showed the weakest signal. With the exception of chromosome 2 where a strong signal spans region 2q13-q22, and chromosome 18 where a signal is located at 18p11.2, all other signals were localized at pericentromeic regions 13q11, 14q11, 15q11, 21q11, and 22q11 where we assigned POTE sequences on human chromosomes. FISH and spectral karyotyping hybridizations of the same representative metaphase with signals on all eight sites are shown in Fig. 5 .
POTE Paralogs from Different Chromosomes Are Expressed in Pros-
tate. Because there are so many paralogs of the POTE gene in different chromosomes, we investigated how many are expressed in prostate and testis. Using primer pair T455 and T445, we cloned and sequenced a 1.0-kb region of POTE from prostate and testis cDNA by using primers that would amplify all of the forms of POTE. Analysis of Ͼ24 individual clones and subsequent alignment with the human genome sequence indicates that POTE RNAs are transcribed from chromosomes 2, 14, 15, 21, and 22 in both prostate and testis.
The synonymous (Ks) and nonsynonymous (Ka) nucleotide substitution rates between each pair of POTE and three of its paralogous sequences in chromosomes 2, 14, and 15 were calculated by using the Pamilo-Bianchi-Li method (19, 20) . These values are listed in Table 2 . Excluding the exceptionally conserved chromosome 15 and 21 pair, the Ks values are nearly The alignments were generated by using BLAT (17) and the UCSC genome assembly (''GoldenPath'' at http:͞͞genome.ucsc.edu͞index.html; ref. 18 ). Each line is a hit to a chromosomal location. The chromosome number, the direction of the alignment, and the absolute address of the hitting region are indicated in the first through the fourth columns. The fifth column gives the BLAT alignment score. In many cases, not all of the 1,826 bp of the cDNA align to the genome sequence. The beginning and ending base pair of the POTE cDNA that align are indicated in the sixth and seventh columns. The last column gives the percent identity of the matches.
Fig. 3. Northern blot analysis of POTE transcript in different normal tissues.
Human multiple tissue Northern blot was probed with the same PCR probe used in the dot blot experiment. The only detectable signal is in prostate (Pr) and testis (Te) lanes. In both samples there is a weak band of Ϸ2 kb (arrow) in size and a smear at the high molecular weight region (which is probably the unprocessed nuclear RNA). There is no detectable signal in spleen (Sp), thymus (Th), ovary (Ov), small intestine (Sm), colon (Co), and peripheral blood leukocytes (Pb). the same and average to 0.1. Assuming an average rate of 2.5 synonymous substitutions per billion years for humans (21) , the Ks value indicates that the duplication of these genes occurred Ϸ20 million years ago. The average Ka͞Ks ratio is 0.60 (excluding the 21-15 pair, for which the Ka͞Ks ratio is unreliable because of the small number of substitutions). The fact that K a is less than Ks indicates that ''purifying'' selection is operating to conserve the protein sequence of the original gene. However, the ratio is substantially larger than the average ratio of 0.44 or 0.45 reported for mammalian paralogs (21, 22) , suggesting that these genes are evolving faster than most other paralogs.
POTE mRNA Is Expressed in Prostate Cancer and Is Localized in
Epithelium of Normal Prostate and Prostate Cancer. To determine whether the POTE gene is expressed in prostate cancer, we performed an RT-PCR by using RNAs isolated from normal prostate and prostate cancers. As shown in Fig. 2C , all three prostate cancer samples tested have POTE expression. It should be noted that the prostate cancer samples are often associated with normal prostate tissues. To determine the expression of POTE in prostate cancer cell lines, we performed an RT-PCR analysis by using RNA from LnCAP and PC3 cells. A specific band of 400 bp was detected in the androgenresponsive LnCAP cell line but not in the androgenunresponsive PC3 (Fig. 2C) .
The cell types that express the POTE mRNA in normal prostate were determined by in situ hybridization with biotinlabeled POTE cDNA. As shown in Fig. 6D , POTE mRNA is expressed in the basal and terminal epithelial cells of normal prostate epithelium and in prostate cancer cells. There is no detectable signal in cells of the stromal compartment of the tissue. In comparison, U6 RNA is found in both epithelial cells and stromal cells of the prostate (Fig. 6B) whereas TARP is only in the epithelial cells (Fig. 6C) .
In Vitro Transcription and Translation of the POTE cDNA. The POTE cDNA isolated from prostate has a predicted ORF of 584 aa with a calculated molecular mass of 66.4 kDa. To determine the actual size of the protein encoded by this cDNA, in vitro transcription and translation was performed. SDS͞PAGE analysis and fluorography of the translated product show that the POTE cDNA encodes a protein product of Ϸ66 kDa in size (Fig. 7, lane 3) and that the size of the protein product is in agreement with the predicted ORFs of the cDNA.
Discussion
Using the EST database and the human genome browser as a guide, we identified a previously uncharacterized gene, POTE, which is expressed in prostate (both normal and cancer), testis, ovary, and placenta. Full-length POTE, a member of this gene family, encodes a protein of 66.4 kDa. There are several closely related POTE genes that are located on different chromosomes and are actively transcribed in both prostate and testis. Fig. 4 ). Ankyrin repeats are tandemly repeated modules of Ϸ33 aa each. They have been identified in Ͼ600 different, functionally diverse proteins and have been implicated in mediating protein-protein interactions. A BLASTP run against the NCBI-PDB database lists bcl-3 (1k1a) as the top hit, which is an NF-B-binding protein that contains seven ankyrin repeats. Other high scoring hits were the ankyrin repeat domains of the transcription regulator GA-binding protein ␣͞␤ (1awc), cyclin-dependent kinase inhibitor protein P19ink4d (1bd8), and a p53-binding protein (1ycs), all of which contain four ankyrin repeats. Two transmembrane prediction programs (24, 25) predict a transmembrane region for the 19 residues (307-325) with a high score. This region is in between, and partly overlaps with, the fifth and the sixth predicted ankyrin repeats. The C-terminal domain (residues 370 -584) is predicted to be mainly ␣-helical. Three different fold-recognition programs (26 -28) , gave different lists of predicted protein structures, but all of them belonged to the ''all ␣'' class according to the structural classification of proteins (SCOP) classification (29) . One of these, 1cun, the common hit from the BIOINBGU (28) and 3D-PSSM (26) programs, belongs to the ␣-spectrin family. Spectrin ␣͞␤ heterodimers are the main constituents of the cytoskeleton, which is anchored to the plasma membrane by means of protein complexes that include ankyrins (30) . At the N-terminal end of the protein, there are three repeats of 37 peptide units at residues 20 -56, 57-93, and 94 -130. There are clustered cysteines and histidines in the repeats, but the arrangement of these residues does not conform to any of the known Zn-finger domains.
POTE Encodes a New

Paralogs of POTE That Are Expressed from Different Chromosomes
Might Evolve by Gene Duplication. The POTE cDNA sequence we determined aligns almost 100% to human chromosome 21q11.2. It also aligns to chromosomes 2, 8, 14, 15, and 22 with a significant homology (90-98%). Our FISH analysis confirms the presence of POTE variants in the above mentioned chromosomes. In addition FISH analysis identified two more chromosomes (13 and 18) where POTE variants are located.
POTE is a new and interesting example of gene duplication and dispersion in evolution. All seven sites of hybridization at 2q13-q22, 13q11, 14q11.2, 15q11.218, p11.2, 21q11.1, and 22q11.1 correspond with the location of the same family SF2 of ␣ satellite DNA (31, 32) . A similar distribution has been demonstrated for keratinocyte growth factor (KGF) gene (33) . The site on chromosome 2 in this study is the only one outside pericentromeric regions. Human chromosome 2 is the result of ancestral telomeric fusion of chromosomes 11 and 12 (in gorilla) or 12 and 13 (in chimpanzee) and this accounts for the chromosome number reduction from 24 pairs in great apes to 23 in humans (34, 35) . The fusion occurred at human band 2q13, and resulted in loss of distal heterochromatic segments, accompanied or followed by inactivation or elimination of one of the ancestral centromeres that carried alphoid sequences at human band 2q21 (36) . POTE sequences are localized within this region of chromosome 2. ␣-Satellite DNA, highly repetitive short DNA segments arranged in tandem arrays, has been implicated in genomic rearrangements (31) as well as chromosome translocations in cancer cells (31, 37) .
The initial sequencing and analysis of the human genome revealed that there are (numerous) large blocks of genome sequence that share a high degree of sequence identity (Ͼ90%). These blocks range in size from a few kilobase to hundreds of kilobase and can include exonic and intronic sequences (38) . More recently, Eichler and coworkers (39, 40) have systematically analyzed the human genome for blocks of highly similar sequences that are duplicated across multiple chromosomes. They have identified 169 large regions with highly similar duplications of which 24 are associated with genetic diseases. In addition, their analysis suggests that these duplications in the pericentromeric regions have emerged relatively recently Ϸ40 million years of human evolution.
POTE, a Potential Candidate for Prostate Cancer Immunotherapy. The specificity of POTE expression and the fact that it is expressed in prostate cancer samples from different individuals makes POTE an attractive candidate for targeted therapy for prostate cancer. At this point it is not clear where the POTE protein is localized in the cell. Analysis of the POTE amino acid sequence indicates that it has short potentially membrane-spanning regions but no signal sequence is present to help insert the protein into the membrane. These findings indicate POTE could be a valuable diagnostic marker as well as a target for Ab-or vaccine-based prostate cancer therapies.
Other Prostate-Specific Transcripts in the POTE Locus. We have identified another prostate-specific noncoding cDNA, C34, which is localized at 22q11 (also known as the Cat-Eye Syndrome region) and 14q11, at the same position as POTE paralogs but transcribed from the opposite direction. Therefore, C34 might play a regulatory role in expression of POTE paralogs from this region.
Conclusion
The finding that there are many POTE paralogs on different chromosomes that encode RNAs with nearly identical ORFs indicates that a strong selective pressure must maintain expression of these POTE genes. This, together with their selective expression in reproductive organs, suggests an important role for POTE in reproductive processes.
